Density variation of nanoscale patterns in thermal nanoimprint lithography was studied both by experiments and molecular dynamics simulations. A simple soft imprinting technique was used to fabricate various nanopatterns ͑70 nm and 600 nm lines and 150 nm dots͒ over a large area ͑2 ϫ 3 cm 2 ͒. Local density was measured by the relative magnitude of van der Waals interactions between a sharp tip and the patterned surface. In order to investigate the mechanism of density variation, molecular dynamic simulations were performed. Experimental and simulation results demonstrated that the density of the pressed region ͑valleys͒ was higher than that of the cavity region ͑hills͒ when a simple amorphous polymer is thermally imprinted with a patterned mold. Thermal nanoimprint lithography ͑t-NIL͒ is a patterning process in which an amorphous polymer resist is pressed with a patterned mold above the resist's glass transition temperature ͑T g ͒, resulting in a negative replica consisting of hills and valleys.
Density variation of nanoscale patterns in thermal nanoimprint lithography was studied both by experiments and molecular dynamics simulations. A simple soft imprinting technique was used to fabricate various nanopatterns ͑70 nm and 600 nm lines and 150 nm dots͒ over a large area ͑2 ϫ 3 cm 2 ͒. Local density was measured by the relative magnitude of van der Waals interactions between a sharp tip and the patterned surface. In order to investigate the mechanism of density variation, molecular dynamic simulations were performed. Experimental and simulation results demonstrated that the density of the pressed region ͑valleys͒ was higher than that of the cavity region ͑hills͒ when a simple amorphous polymer is thermally imprinted with a patterned mold. Thermal nanoimprint lithography ͑t-NIL͒ is a patterning process in which an amorphous polymer resist is pressed with a patterned mold above the resist's glass transition temperature ͑T g ͒, resulting in a negative replica consisting of hills and valleys. 1 In t-NIL, the density profile along the patterned structure can be a key element in the fundamental understanding of the imprinting process such as shape and atomistic distribution of the resist and subsequent pattern transfer by reactive ion etching. In particular, pattern transfer can be governed by the local density of the resist with smaller pattern sizes ͑Ͻ100 nm͒.
In order to investigate the density variation of a patterned surface, we fabricated nanoscale line and dot patterns by a soft nanoimprinting technique. A rigiflex polymeric mold of ultraviolet curable polyurethane acrylate ͑PUA͒ was used to imprint the mold features onto the underlying polymer layer on a ͑100͒ silicon substrate. This mold is sufficiently rigid for imprinting of a sub-100-nm pattern ͑Young's modulus of ϳ1 GPa͒, yet is also flexible ͑ϳ50 m thickness͒ to make uniform contact by slight pressure. 2 For imprinting, the patterned PUA mold was pressed on the spincoated polystyrene ͑PS͒ ͑M w = 1 860 000, T g = 101°C͒ at a pressure of 1 bar and the temperature at 150°C for 90 min. After cooling to room temperature, the mold was removed from the substrate, leaving behind a patterned surface over an area of 2 ϫ 3 cm 2 .
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The local density of the imprinted pattern was estimated from the pull-off adhesion force that was induced by van der Waals interactions between the atomic force microscopy ͑AFM͒ tip and the patterned structure. Adhesion force could be combined with a number of contributions such as van der Waals, capillary, electrostatic, and chemical forces. Of these, van der Waals interactions dominantly govern the adhesion force. 4 Also, the effects of humidity were small due to hydrophobicity of PS film. 5 For statistical significance, the measured pull-off forces were averaged over 30-50 locations on each sample surface.
The adhesion force between an AFM tip and a flat surface is given by the Johnson-Kendall-Roberts relation:
where R is the effective radius of the AFM tip ͑ϳ10 nm͒ and W is the work of adhesion between two media. The rms roughness of the PS film was measured to be ϳ1.3 nm, indicating that the film is relatively flat. The work of adhesion between the tip and the polymer surface can be calculated by W = A / ͑12D 0 2 ͒, in which A is the Hamaker constant and D 0 ͑0.165 nm͒ is the cutoff length. 7 After inserting A = 6.5 ϫ 10 −20 for PS and 6.5ϫ 10 −20 for the silicon oxide tip, respectively, the effective Hamaker constant was calculated to be 6.5ϫ 10 −20 . 7, 8 Consequently, the theoretical van der Waals adhesion force was 2.98 nN, in good agreement with the experimental data which is provided below. One fundamental postulation here is that the adhesion force is proportional to the density of the resist since the Hamaker constant also increases with the increase of the number of atoms per unit area or density of the film. Figure 1 shows a schematic diagram of the experimental procedure and the ratio of the pull-off force for three different nanopatterns. The 70 and 600 nm lines had the same spacing ͑equal line-and-space pattern͒, and the 150 nm dots a͒ Authors to whom correspondence should be addressed. Electronic mail: sky4u@snu.ac.kr. had the spacing of 400 nm. The pattern height was about 10, 80, and 200 nm for the 70 nm line, 150 nm dot, and 600 nm line patterns, respectively. Little variance was detected among the three different nanopatterns. In Fig. 1͑b͒ , the adhesion force of the cavity region ͑hill͒ was divided by that of the pressed region ͑valley͒ for each nanopattern. The average ratio of the pull-off force for the three patterns was ϳ0.77, indicating that the density of the hills was less than that of the valleys. The measured pull-off force typically ranged from 1.19 to 7.26 nN ͓3.21 nN ͑±0.33 nN͒, 3.35 nN ͑±0.42 nN͒, and 3.28 nN ͑±0.31 nN͒ in the valleys and 2.41 nN ͑±0.42 nN͒, 2.44 nN ͑±0.53 nN͒, and 2.60 nN ͑±0.55 nN͒ in the hills for the 700 nm line, 150 nm dot, and 600 nm line patterns, respectively͔. These numbers agree well with the theoretically estimated values obtained using Eq. ͑1͒. Some deviation between experiment and theory might be attributed to the effects of capillary force and nonuniform contact of the tip.
To compare with these experimental findings, molecular dynamics ͑MD͒ simulations were carried out. A simple amorphous polyethylene was used as a resist material for its simplicity in molecular structure. Also, the dimensions of the mold and time scales were reduced substantially to be appropriate for MD simulations. The initial lattice of the polymer was assumed as a simple chain structure, and each methyl and ethyl group was considered as a single united atom. The computational domain of interest consisted of 75 linear chains of C200; the total number of resist atoms was 15 000. The molecular weight of the resist was thus 2802 g / mol. Molecules were placed in a volume of 10ϫ 10ϫ 4.5 nm 3 in amorphous state. 9 The resist density was 0.776 g / cm 3 at 400 K. Mold was composed of 19 665 nickel atoms, having fcc structure with a constant lattice parameter of 0.352 nm. The mold was composed of 5 nm protruding and recessed regions, respectively. The substrate on which the resist was placed was composed of 5476 silicon atoms having a diamond cubic structure with a constant lattice parameter of 0.543 nm.
In the simulations, four potential functions were constructed for the conformation of the model chain by using the bead spring model. The bond ͓Eq. ͑2͔͒, angle ͓Eq. ͑3͔͒, torsion ͓Eq. ͑4͔͒, and Lennard-Jones ͑LJ͒ 12-6 potential ͓Eq. ͑5͔͒ were considered in the internal polyethylene chains. 9, 10 The LJ potential was applied between the polyethylene chains as well as between the polyethylene and mold or substrate. The values of potential parameters are listed in Table  I . 9, 11 These values are generally accepted in the temperature range used in the simulation. When the united atoms of different species interact, the parameters are calculated from the Lorentz-Berthelot mixing rule.
In the LJ potential, the cutoff radius was assumed to be 2.5 ͑0.928 nm͒ for calculation efficiency. 9 The calculation domain was divided into 10 3 cells, and the potential energies only between neighboring cells were considered in the LJ potential calculation ͑subcell technique 12 ͒. Periodic boundary condition was applied for the horizontal direction. Temperature was controlled by the canonical NVT ensemble method ͓Eq. ͑6͔͒, and leap frog method 13 was adopted for time integration. The size of the time step was 4 fs, 9 and the total number of calculation steps was 400 000 corresponding to a total time of 1.6 ns. Calculation results were acquired at every 2000 steps.
͑6͒
Interaction forces between the mold and the substrate molecules were ignored while those between these molecules and polyethylene were considered as only repulsive. 12 During the simulations, it was assumed that dissociation and cross-linking do not happen in polymer resist chains. Also the system was assumed to be in a quasiequilibrium state. To minimize the potential energy prior to the imprinting process, the polyethylene resist was relaxed by placing the resist between two parallel substrates consisting of Si atoms, in which the periodic boundary condition 13 was applied for the sidewalls. To reach the state of minimum potential energy, more than 50 000 relaxation steps were required with 1 fs time step. The imprinting process was divided into four stages: initial relaxation ͑0.2 ns͒, imprinting ͑0.8 ns͒, stabilization ͑1.4 ns͒, and releasing ͑1.6 ns͒.
14 Figure 2 shows the snapshots of the resist deformation from MD simulations of t-NIL. In order to track the position of the atoms in the resist, grids were marked along the horizontal position with a band of 0.5 nm. From the initial relaxation to the imprinting stage, the polyethylene resist was deformed into the mold shape. However, the rectangular profile changed to trapezoidal after the imprinting stage presumably due to the relaxation of polyethylene molecules upon removal of the compression force. [15] [16] [17] During the imprinting process, the gap between the polymer molecules became narrower in the imprinted region, which is represented by the Mass ͑g/mol͒ CH 3 15.021 CH 2 14.014
band marked in the circles of Fig. 2 . Some sprouts were spread out from the surface with more frequencies in the imprinted region. These results suggested that the resist atoms in contact with the mold experienced more deformation both in the horizontal and the vertical direction, which agrees well with a previous MD study of the imprinting process. 17 To elaborate on the nonuniformity of the local density, the change of the resist's thickness was monitored during the imprinted process. For a given geometry, one can estimate the volume under the surface, and the corresponding thickness-averaged density in the resist. From the simulations, the density of the resist was found to be 0.761 and 0.954 g / cm 3 in the cavity and the pressed regions, respectively ͓Figs. 3͑a͒ and 3͑b͔͒, confirming our experimental finding that the density of the valleys is higher than that of the hills. Apparently, the resist molecules in contact with the mold were squeezed into the cavity, resulting in a lower density in the imprinted region. However, only ϳ6.28% of the molecules in the pressed region were forced into the cavity ͓see Fig. 3͑c͔͒ , suggesting that t-NIL process mainly causes a compression of the resist instead of flow of molecules.
The maximum difference of the local density could be obtained if the resist molecules are fully squeezed in the imprinted region. In t-NIL involving an amorphous polymeric material, a certain number of vacancies called free volume are present due to the absence of long range order and chainlike characteristic of polymer resist with finite thickness and persistence. When a resist layer is imprinted by a rigid mold, the vacant sites can be compressed by plastic deformation, yielding a reduced thickness of the underlying layer without filling in the cavity region. The fraction of vacant sites, f v , is given by
where v s is the specific volume of the amorphous polymer and v vs is the specific volume calculated from van der Waals radii. The value of f v is in the range of 0.32-0.375 for typical amorphous polymers. Therefore, the maximum density of the imprinted region was approximately 50% higher than that of the cavity ͑ratio= 0.65, hill/valley͒ without flow of the resist molecules. In summary, we investigated the local density variation of imprinted patterns both experimentally and numerically. Measurements of the pull-off force between the AFM tip and the patterned surface demonstrated that the density of the imprinted region was higher than that of the cavity region. Comparisons with molecular dynamic simulations were also performed, and there was qualitative agreement with the experimental data.
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